Abstract We investigate the future changes of AsianAustralian monsoon (AAM) system projected by 20 climate models that participated in the phase five of the Coupled Model Intercomparison Project (CMIP5). A metrics for evaluation of the model's performance on AAM precipitation climatology and variability is used to select a subset of seven best models. The CMIP5 models are more skillful than the CMIP3 models in terms of the AAM metrics. The future projections made by the selected multimodel mean suggest the following changes by the end of the 21st century. (1) The total AAM precipitation (as well as the land and oceanic components) will increase significantly (by 4.5 %/°C) mainly due to the increases in Indian summer monsoon (5.0 %/°C) and East Asian summer monsoon (6.4 %/°C) rainfall; the Australian summer monsoon rainfall will increase moderately by 2.6 %/°C.
Introduction
Physically, monsoon is a forced response of the coupled atmosphere-land-ocean climate system to the annual variation of insolation. The response yields a unique monsoon climate regime characterized by an annual reversal of surface winds and contrasting rainy summer and dry winter. In contrasting to the traditional definition of monsoon using surface winds (Ramage 1971) , recent studies define monsoon domains in terms of the precipitation characteristics (Wang 1994) . The obtained monsoon precipitation domains include all regional monsoons over South Asia, East Asia, western North Pacific (WNP), Australia, Africa and Americas (Wang and Ding 2008) .
Land-sea thermal contrast, topography, moist processes, and Earth's rotation determine monsoon rainfall patterns and vigor (Webster 1987) . The huge seasonal variation in the thermal contrast between the largest Eurasian landmass and the Pacific-Indian Oceans drives the Asian monsoon which is the strongest annual cycle on Earth. The Asian monsoon, together with its Southern Hemisphere (SH) counterpart, the Indonesian-Australian monsoon (or Australian monsoon for short), forms an Asian-Australian Monsoon (AAM) system through overturning circulation linking the two hemispheres on seasonal time scale. The AAM precipitation domain is shown in Fig. 1 .
Due to different land-ocean configuration and orography (especially the Tibetan plateau in the AAM domain), the Asian monsoons over Indian sector (west of 105E which marks the eastern periphery of the Tibetan Plateau) and East Asian (EA) sector (east of 105E) have distinctive features (Wang et al. 2001 (Wang et al. , 2003a . Over the EA sector, the summer monsoon is driven by both the north-south thermal contrast between cold Australian land and warmer WNP and the east-west thermal contrast between the heated EA landmass and relatively cold Pacific Ocean. This directionally 'orthogonal' forcing results in (a) a tropical monsoon in the WNP with a titled monsoon trough from the northern South China Sea to western Pacific (5°N, 160°E), and (b) a subtropical monsoon consisting of WNP subtropical ridge and the EA subtropical rain belt. The terms 'Meiyu', 'Baiu', and 'Changma' are all associated with the same EA subtropical rain band that brings a major summer rainy period to the EA countries. Thus, the Asian monsoon can be divided into three subsystems: Indian, EA and WNP (Fig. 1) .
The monsoon interannual variations have been studied primarily on regional scales, including the Indian monsoon (e.g., Mooley and Parthasarathy 1984; Shukla 1987) , the Indonesian-Australian monsoon (e.g., Yasunari and Suppiah 1988; Hamada et al. 2002) , the EA monsoon (e.g., Nitta 1987; Huang and Wu 1989; Zhou and Yu 2005) , and the WNP monsoon (Wu and Wang 2000) . The linkages among various regional monsoons are also recognized such as Indian and Australian monsoons (e.g., Meehl 1987) , WNP and EA summer monsoons (e.g., Nitta 1987; Lau 1992; Ding 1994; Ha et al. 2012; Wang et al. 2013) , the Indian and EA summer monsoons (e.g., Liang 1988; Guo and Wang 1988; Kripalani and Singh 1993; Enomoto et al. 2003; Ding and Wang 2005; Lee et al. 2011 ) and the EA and Australian monsoon (e.g., Wang et al. 2003a ). The year-to-year variations in the vast AAM domain exhibit remarkable regional differences and depend strongly on the seasonal March and evolution of El Nino-Southern Oscillation (ENSO) (e.g., Wang et al. 2008b) .
To describe the season-dependent evolution and the linkage among regional monsoons and to identify the major mode of interannual variability of the entire AAM system, Wang et al. (2003b) , for the first time, introduced a season-reliant singular vector decomposition (SVD) analysis (SVD is also known as Maximum Covariance Analysis, or MCA) approach to describe the seasonally evolving patterns of the AAM anomalies associated with the ENSO evolution. The leading mode they found is essentially the same as the leading seasonreliant empirical orthogonal function (EOF) mode of the AAM precipitation anomalies alone (Wang et al. 2008a) , indicating the robustness of this mode. This leading mode of variability of the AAM system will be used to facilitate detection of future change of the interannual variation of the AAM and ENSO-AAM relationship, which is critical for understanding future climate of the AAM predictability.
For the future change of the AAM system, the Intergovernmental Panel on Climate Change (IPCC) Fourth (a) (b) Fig. 1 The climatological mean fields of precipitation and low-level winds at 850 hPa during (a) July-August and (b) January-February. The actual monsoon precipitation domain (orange) and the approximate regional monsoon boxes (blue) and the domain where the ASM and AusSM low-level circulation [U850(1) minus U850(2)] indices (red) are defined. The merged CMAP-GPCP data were used assessment report (AR4) stated that the current understanding of future climate change in the monsoon regions remains one of considerable uncertainty with respect to circulation and precipitation (IPCC AR4 Sections 3.7, 8.4.10 and 10.3.5.2) . Increasing precipitation (along with an increase in interannual season-averaged precipitation variability) was projected to occur in the Asian and the Australian summer monsoon in a warmer climate (Meehl et al. 2007; Kripalani et al. 2007a, b; Sun et al. 2010) . Differently from precipitation, Asian monsoon circulation was projected to decrease by 15 % (Tanaka et al. 2005; Ueda et al. 2006) . However, the uncertain role of aerosols complicates the nature of future projections of monsoon precipitation, particularly in the Asian monsoon.
The present study assesses future changes of AAM system in the domain of 40°S-50°N, 40°-180°E using 20 CGCMs that participated in the phase five of the Coupled Model Intercomparison Project (CMIP5). Particular attention is paid to model selections and understanding the reasons behind those changes in terms of fundamental monsoon dynamics. We primarily compare two runs: the historical run under changing solar-volcanic forcing and anthropogenic influences from 1850 to 2005 and the RCP 4.5 run in which the radiative forcing is assumed to stabilize at a level about 4.5 Wm -2 after 2100 (Taylor et al. 2012) . The model and data are described in Sect. 2. In Sect. 3, we evaluate historical simulations of 20 CGCMs against the observation for the period of 1980 to 2005 and select best models for making a multi-model mean (MMM). Section 4 is the major body of this work, focusing on the future changes of AAM. Section 5 discusses possible factors that are responsible for the AAM changes. The last section presents a summary.
Model and data

Models and CMIP 5 experiments
The succinct information about the 20 CMIP5 CGCMs used in this study is listed in Table 1 . Two experiments are investigated. The historical run from 1850 to 2005 was forced by imposed changing conditions consistent with observations which include (but not necessarily all of the following) atmospheric composition (including CO 2 ) due to both anthropogenic and volcanic influences, solar forcing, emissions or concentrations of short-lived species and natural and anthropogenic aerosols or their precursors, and land use. The RCP 4.5 run from 2006 to 2100 assumes that radiative forcing will stabilize at a level about 4.5 Wm -2 after 2100 and is chosen as a ''central'' scenario in CMIP5 (Taylor et al. 2012) . In general, the CMIP5 CGCMs have a larger number of ensemble simulations for the historical run than for the RCP 4.5 run. For a fair comparison, we used the same number of ensemble members in individual models for the two runs. Table 1 shows the number of ensemble members used for each model. The multi-model mean (MMM) was constructed with an equal weight.
Observations
Monthly precipitation data used in this study were obtained from (1) the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) dataset (Xie and Arkin 1997 ) from 1979 to 2010, (2) Global Precipitation Climatology Project (GPCP) data version 2.2 from 1979 to 2010 (Huffman et al. 2011) , and (3) merged statistical analyses of historical monthly precipitation anomalies (20C RECG) from 1900 to 2008 (Smith et al. 2010) . The Twentieth Century Reanalysis (20CR) data (Compo et al. 2011) were used for monthly surface air temperature, mean sea level pressure, horizontal winds, and air temperature from 1871 to 2010. For validation of precipitation and SST, CMAP and GPCP precipitation dataset and the National Oceanic Atmospheric Administration (NOAA) extended reconstructed SST (ERSST) version 3 (Smith et al. 2008 ) data were used.
To validate the CGCMs in their historical simulations with respect to observation, all observed data and each model's output were interpolated to a common 2.5°lat. 9 2.5°lon. grid. Both the observed and model simulated climatology were obtained for the 26-year period of 1980 to 2005.
3 Evaluation of CMIP5 models' performance and selection of the best models
The evaluation metrics used to assess models' performance in simulation of the AAM precipitation climatology includes (1) the annual mean precipitation, (2) the first and second annual cycle modes of annual variation of precipitation (i.e. the solstice mode and equinox asymmetric mode), (3) monsoon precipitation intensity and domain. One can find the detail information on the metrics in Wang and Ding (2008) and Wang et al. (2011) . Recently, Lee and Wang (2012) evaluated the CMIP5 models in simulating the precipitation climatology for the global monsoon. This paper focuses on AAM climatology and variability.
To evaluate models' performance in simulation of AAM interannual variation, we analyze the leading season-reliant EOF (S-EOF) mode of the AAM precipitation and associated Pacific SST anomalies for the 26-year period . The evaluation was made for each individual model. Based on models' performance in simulating not only the AAM precipitation climatology but also the Future change of Asian-Australian monsoon 85 leading S-EOF mode of AAM variability, we select the best seven models for further analyses of the AAM future change. In the following subsections, we will show evaluation results in individual models and their MMM together with the best seven models' MMM (B7MMM hereafter). Section 3.5 will discuss how to select the best models in detail.
Annual mean precipitation
The 20 CGCMs' MMM realistically reproduces the observed features of annual mean precipitation over the AAM region (Fig. 2) . A difference map (not shown) indicates that the MMM tends to underestimate precipitation over the Eastern Indian Ocean, the Bay of Bengal, and East Asia, but overestimate precipitation over the Maritime Continent, Philippines, and the Tibetan Plateau. These biases are common in the state-of-the-art coupled models (Lee et al. 2010; Lee and Wang 2012) . To objectively evaluate the models' performance, we calculate the pattern correlation coefficient (PCC) between the observation and simulation over the AAM region of 40°S-50°N, 40°-180°E. The all model's MMM has the PCC of 0.93.
Figure 2 also shows the simulated annual mean precipitation by the selected B7MMM. As mentioned, how to select the best models will be explained in Sect. 3.5. Basically, the B7MMM has very similar distribution in annual mean precipitation with the all models' MMM, having the PCC skill of 0.94. The major difference between them is the signal-to-noise ratio. The signal is measured by the amplitude of MMM and the noise is estimated by the standard deviation of inter-model spread against the MMM. If the number of models being used increases, the signal-to-noise ratio tends to decrease and thus the level of uncertainty in the MMM simulation increases. The singleto-noise ratio for the B7MMM in simulating long-term annual mean precipitation is 5.5 averaged over the AAM region, but that for the all models' MMM is 4.4. Figure 3a compares the PCC and normalized root mean square error (NRMSE) between the observation and simulation by each individual CGCMs and their MMM over the AAM region. The NRMSE is the RMSE normalized by the observed mean standard deviation that is calculated with reference to the AAM area. The individual models' PCCs range from 0.77 to 0.92 and NRMSE ranges from 0.42 to 0.83 (Fig. 3a) . The MMM and B7MMM are evidently better than any individual models in simulating annual mean precipitation with the PCC of 0.93 and 0.94, respectively, and the NRMSE of 0.37 and 0.35, respectively.
The first and second modes of annual variation
The first annual cycle mode (the solstice mode) can be captured extremely well by the difference between JuneJuly-August-September (JJAS) and December-JanuaryFebruary-March (DJFM) mean precipitation (Wang and Ding 2008) . The second mode (the equinox asymmetric mode or spring-fall asymmetric mode) can be very well described by the difference between April-May (AM) and October-November (ON) mean precipitation. Figure 2b shows that the 20 models' MMM reproduces the solstice mode with a high fidelity (PCC = 0.92) and the equinox asymmetric mode reasonably realistic (PCC = 0.76). The models tend to underestimate the solstice mode over the East Asia, the South China Sea and Philippine Sea and overestimate the equinox mode over most of the AAM region. With quantitative measures, the CMIP5 models can reproduce the observed solstice mode realistically with PCCs ranging from 0.74 to 0.88 and NRMSEs from 0.48 to 0.94 (Fig. 3b) . However, the models have difficulties in (a) (b) (c) Fig. 2 Comparison of (a) the observed (merged CMAP and GPCP) and the simulated monsoon climatology by (b) 20 models' multimodel mean (MMM) and (c) the best seven models' MMM (B7MMM) for 1980-2005 in terms of annual mean precipitation rate (mm/day), the first annual cycle mode (solstice mode, JJAS minus DJFM), the second annual cycle mode (equinoctial asymmetric mode, AM minus ON), and monsoon domain and monsoon precipitation intensity (non dimensional and need to multiply 0.5 for original value). The observed monsoon precipitation domain (outlined by red contours) is defined by the regions where the summer-minus-winter precipitation exceeds 2.5 mm/day and the summer precipitation exceeds 55 % of the annual total, where summer means MJJAS (NDJFM) for the NH (SH). The numbers in the right lower corners indicate pattern correlation coefficient (PCC) between the observed and simulated patterns and signal to noise ratio (S/N) measuring MMM's amplitude relative to inter-model spread over the AAM domain Future change of Asian-Australian monsoon 87
simulating the equinox mode with substantially larger NRMSEs from 0.8 to 2.0 and lower PCCs from 0.37 to 0.73 (Fig. 3c) . The MMM is more effective for the solstice mode than the equinox mode, since a number of models' perform poorly on the equinox mode. Figure 3c also shows that the two best models, the CanESM2 and MPI-ESM, have even better skills than the all model MMM. The B7MMM has slightly better skills for the both annual cycle modes with larger signal-to-noise ratio than the 20 models' MMM.
The monsoon precipitation intensity and domain
The monsoon precipitation (MP) intensity is defined by the ratio of local summer-minus-winter precipitation to the annual total, where summer refers to May-June-JulyAugust-September (MJJAS) for the NH and NovemberDecember-January-February-March (NDJFM) for the SH. For the AAM system, the MP intensity is area-averaged MP intensity in the observed MP domain. Note that each model has different MP domain but the MP intensity is calculated for the same observed domain. The MP domain is defined by the regions where the summer-minus-winter precipitation exceeds 2.5 mm day -1 and the MP intensity exceeds 0.55 ). The CMIP5 20 models' MMM well captures the MP intensity but only to some extent, the MP domain over the AAM region (Fig. 2b) . The EA monsoon precipitation intensity is underestimated. A large part of the monsoon domain over the subtropical EA is missed while over the WNP is extended too far into the central Pacific. The PCC and NRMSE between the observed and simulated AAM precipitation intensity range from 0.78 to 0.92 and from 0.45 to 0.72, respectively (Fig. 3d) . The 20-model MMM has the PCC of 0.92 and the RMSE of 0.44. It is also shown that the all models' MMM has slightly better skill for the MP intensity and domain than the B7MMM, But it has less signal-to-noise ratio (1.7 for MMM and 2.1 for B7MMM) for the simulation of MP intensity.
Evaluation of the leading mode of AAM
The S-EOF was applied to evaluate all models' performance in simulating the leading mode of interannual Figure 4 shows the spatial distribution of precipitation with seasonal sequences and the regressed DJF SST for the observed and simulated leading mode of AAM interannual variation. The observed leading mode (Fig. 4a) is associated with the turnabout of warming to cooling in the ENSO with a strong biennial tendency (Wang et al. 2008b ). In JJA(0), the large-scale suppressed convections are located over the maritime continent and the equatorial eastern Indian Ocean while enhanced rainfall is found over the equatorial western Pacific extended northward to the Philippine Sea and the Bay of Bengal. During SON(0), the dry anomalies over the maritime continent intensify and expand northward and eastward, covering the Philippine archipelago and the entire tropical South Asia and northern Australia. From the SON to the DJF season, the entire anomalies move slowly eastward with the most suppressed convection shifting to the Philippine Sea. From DJF to the next MAM, the dry anomalies decay rapidly and move further eastward with a dry center occurring in the equatorial western Pacific. Figure 4b indicates that the B7MMM is capable of capturing the observed precipitation evolution associated with the ENSO turnabout in general. The PCC between the observed and simulated DJF SST anomalies is 0.95 and the PCCs for the seasonal precipitation are 0.83, 0.61, 0.53 and 0.69, respectively from JJA(0) to MAM(1). Figure 5 compares the individual models' performances on simulation of the leading AAM mode and ENSO, in terms of simulated precipitation and SST spatial patterns measured by the PCC. The PCCs vary tremendously from model to model. The SST patterns are captured a lot better than the precipitation patterns in general. The reasons for poor simulations of the monsoon precipitation are arguably due to models' deficiencies in simulation of tropical ENSO teleconnection and monsoon-warm pool ocean interaction.
Selection of best models
Taking into account the significant inter-model spread over their MMM, particularly for the second annual cycle modes shown in Fig. 3c and the leading mode of AAM variability shown in Fig. 5 , we select the best models in reproducing the AAM precipitation climatology and variability in order to get more reliable MMM for construction and future projection. The model selection is based on the PCC for climatology and interannual variability, and the signal-tonoise ratio measures for climatology. We define the combined PCC skill using the PCC for annual mean precipitation (PCC AM ), the weighted first and second annual cycle (PCC AC1 and PCC AC2 ), the MP intensity (PCC MPI ), and seasonal sequences of precipitation and associated SST for the leading S-EOF mode (PCC SEOFJJA , PCC SEOFSON , PCC SEOFDJF , and PCC SEOFMAM , PCC SSTReg , respectively) as follows:
The PCC skills for the first and second annual cycle mode are weighted by their observed fractional-variance contributions to the annual variation, where the observed first eigenvalue (k 1 ) is 0.68 and the second (k 2 ) is 0.17. Figure 6a shows the combined PCC skill as a function of models in a decreasing order. Refer Table 1 for the model number. The best model is CNRM-CM5 taking into account all measures for AAM climatology and variability. The signal-to-noise ratio is defined by the ratio of the absolute value of the MMM (as a signal) to inter-model standard deviation against the MMM (as a noise). We take a mean of the signal-to-noise ratio for annual mean precipitation, the first two annual cycle modes weighted by their observed fractional-variance contributions to the annual cycle, and the MP intensity as a function of the number of best models selected for MMM (Fig. 6b) . In general, the signal-to-noise ratio decreases as the number of models being used increases. It is difficult to objectively select the number of best models for optimal result. In this study, we decide to use the seven best models that have the combined skill higher than 0.7 and the signal-to-noise ratio higher than 3.5. The best seven models selected are CNRM-CM5, CCSM4, GFDL-ESM2 M, FGOALS-g2, NorESM1-M, GISS-E2, and CanESM5. Figure 7 summarizes individual models' performance in AAM climatology in comparison to all models' MME and B7MME. For comparison, assessment was also made for the 19 CMIP3 models and their MME. One can find detail information on the CMIP3 models used in this study in Lee and Wang (2012) . It is shown that there are significant improvements from the CMIP3 to CMIP5 in the skill measures. In particular, the CMIP5 models and their MMM better simulate monsoon precipitation intensity and domain (Fig. 7b) . Sperber et al. (2012) found that the CMIP5 23 (a) (b) Fig. 4 The (a) observed and (b) simulated leading modes of seasonreliant EOF (S-EOF) of seasonal precipitation anomalies over AAM region (60°E-180°E) and associated Pacific (120°E-70°W and 30°S-30°N) DJF SST anomalies for the present day , which explain about 24.2 and 26.7 % of the total variance, respectively. The S-EOF analysis was applied to the best seven models (B7MMM) and the seasonal sequence is JJA(0), SON(0), D(0)JF(1), and MAM(1). In (b), the number in the left lower corner indicates the pattern correlation coefficient (PCC) between the observed and the simulated spatial patterns 4 Future change of AAM
Monsoon domain and monsoonality
By comparing AAM precipitation climatology during the historical run period and the RCP 4.5 run period (2070-2095) using the B7MMM along with the all models' MMM, we investigate the future change of monsoon domain and monsoonality. The monsoonality is defined by the ratio of local summer versus annual mean precipitation. Indian monsoon, for instance, has highest monsoonality, which reaches 80 % or above. Figure 8a compares the monsoon precipitation domain in the historical and RCP 4.5 run climatology. The B7MMM and all models' MMM project a 7.8 % increase in the AAM domain in future that is less than the degree of inter-model spread (i.e. model uncertainty) and less than the MMM's bias over the observed domain, suggesting that this increase is not statistically significant. However, just over the Asian land area, the size of the monsoon domain will expand by about 10.0 % (10.4 %) using the B7MMM (all models' MMM) at the end of the 21 st century. Since the model's spread in the land monsoon boundary is relative small, this increase of land monsoon area is statistically significant.
The B7MMM predicts more significant change in monsoonality than the all models' MMM (lower panels in Fig. 8) , particularly within the monsoon domain. Here the local summer refers to MJJAS (NDJFM) for the NH (SH). Stippling in Fig. 8 indicates area where the magnitude of the change in the monsoonality exceeds the uncertainty measured by standard deviation of inter-model changes. The proportion of local summer rainfall to annual mean precipitation will increase over Australian monsoon and subtropical Asian monsoon but drops in the southern edge of the Asian monsoon. This ratio tends to decrease over the Asian arid or semiarid region.
Land and oceanic monsoon rainfall
The AAM domain consists of both land and oceanic regions. To see how the monsoon precipitation will change in the land region and oceanic region separately, we have partitioned the total AAM precipitation into a land and an oceanic component. The results are shown in Fig. 9 . First, for the present day , for which reliable global estimation of precipitation exists (for instance the GPCP data), the B7MMM captures the overall upward trends over both the land and ocean. The observed decadal variation cannot be reproduced because the MMM reduces the decadal variation arising from internal feedback processes. Result in Fig. 9 indicates that the land and oceanic monsoon rainfall in 21st century have a comparable increasing trend. It is noted that the all models' MMM projects similar trends for both land and oceanic monsoon rainfall with larger uncertainty than the B7MMM (not shown). Table 1 . The best seven models selected are CNRM-CM5, CCSM4, GFDL-ESM2M, FGOALS-g2, NorESM1-M, GISS-E2, and CanESM2
(a) (b) Fig. 7 Overall assessment of the AAM simulation in 20 CGCMs, their MME, and the best seven models' MME: (a) PCCs of annual mean (abscissa) versus annual cycle (ordinate), and (b) PCC of the climatological MPI (abscissa) versus threat score of monsoon domain (ordinate). For comparison, assessment was also made for the 19 CMIP3 models and their MME
AAM precipitation and circulation intensity
The precipitation and circulation intensities for the entire Asian summer monsoon (ASM) and the Australian summer monsoon (AusSM) are measured by the corresponding indices defined in the Table 2 . The circulation index for the ASM quantifies the variation of the low-level circulation (850 hPa), which is related to the corresponding ASM precipitation intensity index significantly with a correlation coefficient of 0.71 for the period of 1979-2010. This circulation index reflects not only the enhanced low-level southwesterly monsoon prevailing in South Asia (5°-20°N, 60°-120°E), but also the enhanced subtropical southeasterlies associated with the WNP subtropical high in EA (20°-40°N, 120°E-140°E). The enhanced tropical southwesterlies signify strengthening of the tropical Indian summer monsoon (ISM) and WNP (20°-40°N, 120°E-140°E) summer monsoon (WNPSM); whereas the enhanced subtropical southeasterlies are a sign of strengthening EA summer monsoon (EASM). Figure 10 shows longterm trends of precipitation and circulation intensities in ASM and AusSM under the RCP 4.5 anthropogenic warming scenario relative to . The projection by B7MMM shows a significant increasing trend in ASM precipitation in 21 st century (4.5 % increase given one degree warming); but a significant decreasing trend (2.3 % decrease per one degree warming) in the low-level circulation (Fig. 12a, b) . The statistical significances for both indices reach a level above 95 % by Mann-Kendall rank statistics (MK) test (Kendall 1955 ). The AusSM is projected with a slight increase (2.6 %) in precipitation and an insignificant decrease (2.2 %) in the low-level circulation (Fig. 10b) . In sum, the AAM precipitation (ASM and AusSM) will increase significantly, while the low-level wind circulation and vorticity associated with ASM will decrease significantly, but it is uncertain for the AusSM.
The strength of the sub-monsoon system
While the entire ASM has an overall trends in 21st century, it remains unknown how large these trends are in different sub-monsoon regions. To this end, we examine the future trends for three sub-regions of the ASM. The definitions of the precipitation and circulation intensity indices for Indian, WNP, and EA summer monsoons are presented in Table 2 . As seen from Figs. 11 and 12, the ISM and EASM precipitation will increase significantly by about 5.0 % and 6.4 % given one degree global warming, respectively, whereas the WNPSM rainfall will increase moderately by 2.9 % given one degree global warming. The precipitation trends for all ASM sub-monsoon system are significant at 95 % level. On the other hand, the Indian and WNP summer monsoon circulation intensities will decrease by 0.2 % and 6.8 %, respectively. Notable is that the subtropical EASM circulation intensity will slightly increase against the previous results by CMIP3 models that suggests a significant decrease of EASM circulation (Tanaka et al. 2005; Ueda et al. 2006 ).
The dominant mode of the interannual variation
How will the interannual variability of the AAM system change is a question that is important for future climate prediction. We apply S-EOF to individual models for the last 26 years of 2070-2095 in comparison with the presentday results shown in Figs. 4 and 5. It is first noted that there are no significant changes in the spatial distribution of the leading S-EOF mode (not shown).
However, there are several notable changes in the leading mode. First, most of models project weakening of the leading mode in the future shown in Fig. 13a . In particular, four of the seven best models (CanESM5, CCSM4, FGO-ALS-g2, and GISS-E2) predict significant weakening of explained variance. Second, the AAM-ENSO relationship will be increased significantly under the anthropogenic global warming despite of the decrease of its explained variance. Except FGOALS-g2, six of the seven best models project increase of the correlation coefficient between the leading PC and DJF Nino 3.4 SST index.
Factors contributing to AAM change
In addition to the low-level winds and vorticity, the ASM strength has been gauged by vertical shear of zonal winds, because monsoon circulation is characterized by a strong low-level westerly and upper-level easterly (Webster et al. 1998) . Webster and Yang (1992) has proposed a vertical shear index for measuring the ASM strength: the U850 minus U200 averaged over South Asia (0-20 N, 40-110E) . Figure 14a shows that a slightly modified Webster-Yang index exhibits no long-term trend in the 20C reanalysis data, and the B7MMM is in a gross agreement with the observation. However, this vertical shear index shows a significant decreasing trend in the 21st century projection. Why will the AAM precipitation increase while the circulations weaken? The greenhouse gas (GHG)-induced global warming has two opposing effects. On one hand, it causes an increase in the atmospheric water vapor that favors for increasing rainfall primarily by mean flow moisture convergence; on the other hand, it warms upper atmosphere more than the lower tropical atmosphere, thus increases atmospheric static stability, which tends to weaken the vertical motion and associated divergent and rotational circulations, thus decreasing precipitation. The increase in atmospheric static stability is prominent in both the upper and lower troposphere (Fig. 14d, e) . As a result, the monsoon low-level circulation and vertical wind shear will weaken mainly over the WNP monsoon region. This weakening circulation tends to reduce the precipitation increase, so that the rate of increasing precipitation is smaller than the rate of increasing water vapor . While the increase in precipitation tends to enhance the circulation, the stabilization of the atmosphere tends to prevail, so that the circulation will have a decreasing trend in general. From Fig. 11 , we see that over the India and the East Asia the precipitation trends are Table 2 ). The shading denotes the B7MME's uncertainties for the precipitation indices which are determined by one standard deviation of the individual models' departure from the MME. The anomaly was obtained from the climatology of 1980-2005. 5-year moving averaging was applied to all time series much larger than that over the WNPSM. Correspondingly, the low-level circulation over India has a weak decreasing and that over East Asia has even weak increasing trend while the WNPSM circulation has a significant decreasing trend. Nevertheless, these two opposing factors are insufficient to explain the hemispheric differences: 4.5 % increase in the ASM precipitation and 2.6 % increase given one degree global warming in Australian monsoon precipitation. Wang et al. (2012) , based on analysis of the observed changes of the global monsoon precipitation, found two additional factors that may control AAM precipitation in the future. One is the enhanced land-ocean thermal contrast as noted by Sun et al. (2010) . This ''warm land-cold ocean'' mechanism results in a rising sea level pressure (SLP) in the Pacific (relatively cooling) and lowering SLP over the Eurasian continent. This is confirmed by the time series shown in Fig. 14c . The trend pattern in SLP favors moisture transport from Pacific to AAM regions and increases AAM precipitation in both hemisphere. Another factor is the enhanced 'warm northern hemisphere (NH)-cool southern hemisphere (SH)' which is shown by the time series in Fig. 14b . This hemispheric thermal contrast trend would favor cross-equatorial flows from the SH to NH which favors for ASM but weakens AusSM. These two additional factors together may explain why the AusSM precipitation does not increase as much as the ASM precipitation.
Summary
We investigated the future changes of the AAM projected by 20 coupled models that participated in CMIP5. A metrics for evaluation of the model's performance in AAM climatology and variability is designed. It is noted that the CMIP5 models are more skillful than the CMIP3 models for the AAM metrics used in this study. The seven best models in reproducing the AAM precipitation climatology and variability are selected in order to get more reliable MMM for reconstruction and future projection.
The B7MMM projected future changes of the AAM system are summarized as follows. • The AAM domain will not change significantly (it shows an increase by 7.8 % but this increase is less than the inter-model spread and models' mean bias), albeit there is a local tendency for westward extension of the monsoon regime. The proportion of local summer rainfall to annual mean precipitation, however, will increase over Australian monsoon and subtropical Asian monsoon but drops in the southern edges of the Asian monsoon.
• The spatial structure of the leading S-EOF mode of AAM precipitation in 20-model MME and B7MMM will not change appreciably, but in future the AAM-ENSO relationship will be increased significantly under the anthropogenic global warming despite the slight decrease of its explained variance. precipitation will increase significantly (by about 4.5 %/°C) mainly due to increases in ISM and EASM (the increases in WNPSM is about 2.9 %/°C and the AusSM by 2.6 %/°C). Similar to the total AAM precipitation the land and oceanic monsoon rainfall have comparable increasing trends. However, the lowlevel winds and vorticity with the AAM system will all decrease by about 2.3 % due mainly to the weakening of the tropical monsoon circulations (the ISM, WNPSM, and AusSM). The notable feature is that EA subtropical summer monsoon circulation will slightly increase due to enhanced zonal thermal contrast and SLP difference against the previous results by CMIP3 models that suggests a significant decrease of EASM circulation.
The future trends in the AAM system are a consequence of a combination of a number of processes that contribute to the change of the interactive monsoon precipitation and circulations. These processes include the opposing effects of the greenhouse gases warming induced water vapor increase and static stability increase. The effect of the increasing water vapor may be compensated by the negative impact of the increased stability on the AAM precipitation. The resultant change in the total AAM precipitation is less than what is expected from the increasing water vapor content. But these two factors alone cannot explain the north-south asymmetry in AAM rainfall change. It is conceivable that the GHG warming induced horizontal thermal contrasts are also important for understanding the monsoon future changes . The ''warm land-cool ocean'' favors the entire AAM precipitation increase by generating an east-west asymmetry in the SLP field. On the other hand, the warm NH-cool SH generates hemispheric SLP difference that favors the ASM but reduces the Australian summer monsoon rainfall. As a result the ASM will increases much more strongly than the Australian summer monsoon rainfall. Detailed budget studies and more numerical experiments are needed to further pin down the precise roles of the proposed factors.
